Although regeneration studies are useful for understanding how organs renew, little information is available about regeneration of reproductive organs and germ cells. We here describe the behavior of germcell precursors during regeneration of the oligochaete annelid worm Enchytraeus japonensis, which has the remarkable feature of undergoing asexual (by fission) and sexual reproduction [1, 2] . We first found that the gonad can regenerate from any body fragment yielded by fission during asexual reproduction. We then examined behavior of germ-cell lineage during this regenerative process, by using a homolog of the Piwi gene (Ejpiwi) as a marker. We found that in asexually growing animals, specialized cells expressing Ej-piwi are distributed widely in the body as single cells. These cells seem to serve as a reservoir of germ-cell precursors because during asexual propagation these cells migrate into the regenerating tissue, where they ultimately settle in the prospective gonads, and give rise to germ cells upon sexualization. These cells are distinct from the neoblasts, thought to be stem cells in other animals. This is the first report to directly show that the germ and somatic lineages are segregated in asexually growing animals and behave differently during regeneration.
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Results and Discussion
It has been known that when a mass of asexually growing E. japonensis is put into starvation condition, some worms are switched to a sexual-reproduction mode and eventually develop reproductive organs, including testes, ovaries, and associated tissues, in the 7th and 8th segments (the worm is a non-self-fertilizing hermaphrodite) ( Figure 1A ) [2] . The fact that small fragments of the body after fission can regenerate the entire organism led us to raise the intriguing question of whether the gonad-producing potential can be regenerated from any body fragment or whether this potential is confined to the normal gonad-forming region (containing 7th and 8th segments). To address this question, we amputated worms to obtain fragments derived from either a middle or posterior trunk region and allowed each of these fragments to regenerate the head region. A middle fragment made by two amputations regenerates a head anteriorly and tail posteriorly (Figure 1B) . After regeneration, these worms were individually starved to induce sexualization. After 10 days, both the middle-and posterior-trunk-derived worms possessed gonads in the 7th and 8th segments with the same efficiency (>80%) as did head-derived worms ( Figure 1B ). This demonstrates that gonads can regenerate from all segments in E. japonensis.
We next explored the origin of germ cells during this regeneration process. In other species, genes of the Piwi family are expressed in germ cells [3] [4] [5] [6] [7] [8] [9] . To test whether this is conserved in annelids, we obtained the sequence for a partial fragment of a Piwi-related cDNA (Ej-piwi) from the EST database of E. japonensis. The Ej-piwi gene belongs to the Piwi subfamily, containing the highly conserved Piwi box, which is distinct from another subfamily, argonaute (Figure 2A ). With wholemount in situ hybridization using a probe 1522 bp long (see the Supplemental Data available online), we visualized in asexually growing worms two small clusters of Ej-piwi-expressing cells, which were specifically localized to the 7th and 8th segments in the head ( Figure 2B ). To examine the relationship of these cells to the reproductive organs, we treated worms to be sexualized and allowed them to mature. The Ej-piwi-positive population in the 7th and 8th segments expanded, and after 10-days were seen in the seminal vesicles and ovisac, which were filled with male germs cells (spermatogonia, spermatocytes, and sperm) and oocytes, respectively (Figures 2B and 2C) [10, 11] . A sense probe did not yield significant signals (Figure 2 ). These observations strongly suggest that the Ej-piwi-positive clusters observed in asexually growing worms at the 7th and 8th segments are precursors of germ cells. Thus, even asexually growing animals possess a reservoir of germ-cell precursors in the prospective gonadal regions.
Ej-piwi-positive cells were also found in the trunk region. In contrast to the clusters seen in the 7th and 8th segments, the trunk Ej-piwi-positive cells were present as small single cells distributed sparsely, and with no discernible pattern with respect to segmental borders in a wide region of the body ( Figure 3A) . To understand their possible role in the regeneration of gonads in general and germ-cell precursors, in particular, we examined the behavior of Ej-piwi-positive cells in the trunk after head amputation. As shown in Figure 3B , at 1 day after amputation when a blastema started to develop, *Correspondence: yotayota@bs.naist.jp the Ej-piwi-positive cells remained unchanged. At 2 days after amputation, Ej-piwi-positive cells increased in number, but remained in the pre-existing tissue. By day 3, Ej-piwi-expressing cells were observed in the regenerating tissue, and these cells were still more anteriorly distributed by day 4. The Ej-piwi-positive cells ultimately converged in the 7th and 8th segments by 5 days after amputation, coincident with completion of fundamental head structures, including the brain, pharynx, head segments, and ventral nerve cord (data not shown) [2, 12, 13] .
We were unable to directly label cells in E. japonensis because of technical problems (i.e., microinjections are invariably lethal). As an alternative approach, the position and number of individual Ej-piwi-positive cells were plotted at four different stages of regeneration on a diagram representing a schematized animal, with the cell number counted for each stage ( Figure 3C ; each diagram shows a distribution of individual cells for nine worms analyzed). At 1 day after amputation, the average number of Ej-piwi-positive cells per worm was 2.30 6 2.02. At day 2, this number had increased to 5.58 6 2.73 cells. Strikingly, the number remained almost the same at later stages until day 4: 5.40 6 3.40 cells at day 3, and 5.84 6 2.95 cells at day 4. The most parsimonious explanation of these data is that the Ej-piwi-positive cells, after proliferating in the pre-existing tissue, migrate anteriorly and populate the regenerating tissue, such that these cells ultimately settle in the prospective gonadal segments, the 7th and 8th. These findings strongly suggest that the germ-cell precursors in the prospective gonadal regions derive during regeneration from pre-existing trunk cells that are already specified (Ej-piwi-positive).
We further explored which Ej-piwi-positive cells in the trunk contribute to the germ-cell precursors in the regenerating gonads by counting the number of Ej-piwipositive cells in each of four segments of anterior preexisting tissue ( Figure 3D ). The cells in the first segment nearest to the amputation site increased in number by day 2 of regeneration (2.26 to 5.47) and subsequently were reduced in number to 0.93 by day 3 ( Figure 3D ). This reduction likely occurs because most of these cells migrated into the regenerating tissue as described above. In the other three posterior segments, no significant change in cell number was observed. Taken (A) While growing asexually, E. japonensis does not display morphologically distinguishable structures in the 7th and 8th segments. After being induced to sexualize, the worms start to produce distinct structures by day 5, and these structures develop as male and female gonadal organs in the 7th and 8th segments, respectively. (B) The worms were amputated to yield three fragments, a head region containing 7th and 8th segments, an anterior trunk, and a posterior trunk. They were allowed to regenerate their missing part and were subsequently subjected to sexualization. All the three portions were capable of producing gonadal structures in the 7th and 8th segments (p > 0.05). (A) cDNA sequence was compared with other Piwi family genes: E. japonensis (Ej-piwi, this study), human (Hiwi; AAC97371), mouse (Miwi; NP_067286), zebrafish (Ziwi; NP_899181), Drosophila Piwi (AAF53043), Drosophila Aubergine (CAA64320), sea urchin (Seawi, AAG42533), Cnidaria (Cniwi; AY493987), eIF2C_mouse (NP_700452), Ago1 Drosophila (NP523734), Ago1 Arabidopsis (NP_849784). A phylogenetical relationship between Piwi genes was predicted by neighbor-joining method. (B) Whole-mount in situ hybridization visualized two clusters of cells restricted in the 7th and 8th segments of asexually growing worms. After the induction of sexualization, the Ej-piwi in situ signal became larger through cell proliferation and/or by an increase in transcript levels within individual cells. By day 10, the transcript localization overlapped with the structures seen in Figure 1A (day 10). Transcripts were seen in the oocytes and also in the seminal vesicle, mostly composed of male germ cells (C). A sense probe did not yield signals over background. together, these results suggest that regenerating germcell precursors arise from a Ej-piwi-positive cell (or cells) residing close to the amputation site.
Regeneration processes in annelids are known to be predominantly contributed by the neoblasts, the cells presumed to be stem cells, which undergo proliferation and differentiation during regeneration [2, 13, 14] . Our observations show that the Ej-piwi-positive cells migrate into the regenerating tissue at a relatively late stage, suggesting that these cells are distinct from the neoblasts. In contrast, neoblasts are thought to participate in the formation of blastema immediately after amputation. To further corroborate this notion, we compared the behavior of Ej-piwi-positive cells and neoblasts during head regeneration. The neoblasts in E. japonensis are unambiguously distinguished from other cells by several characteristics including their large cell size and their invariant pattern of distribution, adjacent to each intersegmental septum and lateral to the ventral nerve cord on both sides of the body (Figure 4A) [2, 13] . Furthermore, no neoblasts expressed Ej-piwi mRNA ( Figure 4A ). Finally, individual trunk Ej-piwipositive cells were attached to the dorsal aspect of the ventral nerve cord, a position different from that of neoblasts ( Figure 4A ).
To further examine the fate of neoblast-derived cells, we developed a method of labeling them with BrdU by immersing the amputated fragment in BrdU-containing medium for 12 hr, beginning 12 hr after amputation ( Figure 4B) . By the end of BrdU treatment, some labeled cells were already seen in the forming blastema. To eliminate the possibility that BrdU might label Ej-piwi-positive cells in the first segment adjacent to the stump, we again amputated the same worm at a position slightly posterior to the original stump in a medium without BrdU. This assured that BrdU labeling was specific to the neoblasts. By 12 hr after the second amputation, substantial numbers of BrdU-labeled cells contributed to the forming blastema ( Figure 4B ) at a time prior to the increase in number of Ej-piwi-positive cells (day 2, see above). These results strengthen our observation that the Ej-piwi-positive germ-cell precursors residing in the 7th and 8th segments of asexually growing worms derive from Ej-piwi-positive cells pre-existing in the trunk, rather than from the neoblasts. This also highlights the notion that the asexually growing worms possess a reservoir of germ-cell lineage cells widely distributed in the body and that these cells are distinct from neoblasts, which are multipotent somatic stem cells. These findings do not exclude the possibility that Ejpiwi-positive cells in the trunk produce not only the germ-cell precursors, but also Ej-piwi-negative somatic cells by asymmetric cell division. Nevertheless, our findings unambiguously show that regeneration of the gonads involves precocious segregation of the germ cells from the somatic stem cells, segregation that has taken place before blastema formation.
Using E. japonensis as a model for regeneration of the reproductive system, we find that germ-cell precursors are present in the prospective gonadal region even in asexually growing animals. More importantly, during regeneration, these germ-cell precursors originate from pre-existing, specified cells that express the Ej-piwi gene ( Figure 4C ). An attractive possibility is that the widely distributed Ej-piwi-positive cells serve as a reservoir of germ-cell lineage so that they can respond to a fragmentation event no matter where this occurs during asexual propagation by fission ( Figure 4C ). This strategy would assure that germ-cell precursors can be provided rapidly and correctly during regeneration of the worm body. This novel finding of early segregation between germ-and somatic-cell lineages during regeneration nicely parallels the behavior of primordial germ cells (PGCs) during ontogenesis in most sexually reproductive animals. PGCs are specified and remain separate from somatically developing tissues. At later stages, PGCs migrate into the somatic gonadal region, where these two lineages again commingle [15] . The present study, using E. japonensis, a species that undergoes both asexual and sexual reproduction, holds promise not only for understanding the regeneration process, but also for illuminating the mechanisms by which there is early segregation between germ and somatic lineages, a fundamental and largely unexplored question.
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